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Abstract  The attainment of a specic mature body size is one of the most fundamental
differences among species of mammals. Moreover, body size seems to be the central factor
underlying differences in traits such as growth rate, energy metabolism and body composition.
An important proportion of this variability is of genetic origin. The goal of the genetic analysis
of animal growth is to understand its genetic architecture, that is the number and position of
lociaffecting the trait, the magnitudeoftheireffects, allele frequencies and types ofgene action.
In this review, the different strategies developed to identify and characterize genes involved in
the regulation of growth in the mouse are described, with emphasis on the methods developed
to map loci contributing to the regulation of quantitative traits (QTLs).
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1. INTRODUCTION
The mature body size of an animal is determined by the number and size
of its cells, and the amount of extracellular matrix and uid [23], with cell
number making a major contribution [2]. A crucial feature of the development
of mammals is that at a given point, an animal stops growing, reaching at that
point a maximum cell mass. It is accepted that the genetic makeup of the
individual plays a predominant role in the determination of that endpoint, but
the underlying genetic mechanisms are not well understood [23]. Therefore,
one of the primary objectives of the genetic analysis of animal growth is to
understand its genetic architecture, that is the number and position of loci
affecting the trait, the magnitude of their effects, allele frequencies and types
of gene action [12,128].
The mouse has been extensively used as a model to study the genetics of
growth in mammals. Information compiled in the Mouse Genome Database
(MGD) [87]gives an ideaof the complexityof the geneticregulationof growth
 Correspondence and reprints
E-mail: jfmedrano@ucdavis.edu106 P.M. Corva, J.F. Medrano
in the mouse. As of March 2001, 650 genes in MGD were described as having
some phenotypic effect on growth. In this review, the different strategies
developed to identify and characterize genes involved in the regulation of
growthinthemousewillbedescribed,withemphasisonthemethodsdeveloped
to map loci associated to the regulation of quantitative traits (QTLs).
1.1. Selection experiments
Research on the genetics of animal growth was initially conducted to test
the theoretical concepts of quantitative genetics. A hallmark of this work in
animalgeneticswasthedevelopmentoflong-termselectionexperiments[40]to
conrmtheefcacyofselectiontopermanentlychangethemeanofcontinuous
traits in the absence of major mutations, and to verify if there was a limit
to the response to selection. The results of these studies showed that most
of the growth-related traits had medium-to-high heritability, indicating that
additivegeneticeffectswereanimportantcomponentofthegeneticarchitecture
underlying differences in growth. Estimates of realized heritability for body
weightandgrowthrateareintherangebetween0.18and0.35[37,83],whereas
the estimates corresponding to traits associated with body composition are
between 0.18 and 0.66 [38].
Selection experiments also revealed the existence of strong genetic correla-
tions among traits that were indicative of the complexity of growth regulation
at both physiological and genetic levels. For example, Hill and Bishop [53]
reviewed the results of different selection experiments and concluded that
in most cases, selection for growth rate in the mouse increased the level of
food intake, improved feed conversion efciency and enhanced fat deposition,
with little change in maintenance requirements and relative growth rate. In
contrast, selection for appetite increased both maintenance requirements and
growth rate, with little change in conversion efciency, whereas selection for
lean mass increased body weight, keeping body composition and maintenance
requirements constant.
Although selection experiments produced a large amount of information
pertaining to the genetic regulation of growth, the nature of these experiments,
based on mass selection schemes, precluded the identication of individual
genes. However, the theoretical model that explained the genetic origin of
continuous variation and the response to selection, allowed the estimation of
the number of loci regulating a given trait [41]. According to that model, the
number of loci involved in the regulation of a quantitative trait is a function of
theoriginaladditivevarianceofthebasepopulationandthedifferenceofmeans
between the two divergent lines at the selection limit. Given a certain additive
varianceinthebasepopulation,themorelociaffectingthetrait,thesmallertheir
individualeffectandthelargerthemaximumdifferencebetweenlinemeans. In
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Table I. Summary of single-gene mutations affecting growth in the mouse.
Mutation Symbol Chrom. Gene responsible Reference
Snell dw 16 Pituitary specic transcription
factor 1 (Pit1) [13]
Ames df 11 Paired like homeodomain
factor 1 (Prop1) [109]
Little lit 6 GH-releasing
hormone receptor (Ghrhr) [50]
pygmy pg 10 High mobility group
protein I, isoform C (Hmgic) [130]
miniature mn 15 Unknown [3]
diminutive dm 2 Unknown [110]
high growth hg 10 Socs2/Cish2 [6,56]
of loci affecting growth was 32 [41]. These estimations, however, were based
on the assumption that all the involved loci have effects of equal magnitude,
and did not take into account the potential increase in additive variance due
to new neutral mutations [65]. However, the recent availability of molecular
markers and linkage maps has made it possible to perform genome scans to
identify QTLs and test the original theoretical hypothesis on the number and
magnitudeofeffectsoflociregulatinggrowth. Thesegenomescansinvolvethe
systematic screening of markers distributed throughout the genome to identify
loci that have signicant associations with quantitative traits [114].
1.2. Single-gene mutations
An important tool for genetic analysis of growth traits has been the char-
acterization of single-gene mutations producing major phenotypic changes in
mice. A summary of known single-gene mutations having a major effect on
body size is presented in Table I [81,87]. Three of these mutations, Snell
(dw), Ames (df) and little (lit), affect the Growth Hormone (GH) regulatory
pathway at different levels. The pygmy (pg) mutation is due to a disruption
of the Hmgic gene on chromosome 10 [130]. The Hmgic gene codes for
a High mobility group (HMG) protein. These are very abundant non-histone
chromosomalproteinsthatparticipateinstructuralchangestochromatinduring
transcription [11]. Two other less-known mutations that cause dwarsm in the
mouse are miniature (mn) and diminutive (dm). These mutations have been
mapped to chromosomes 15 and 2, respectively [87], but the genes responsible
for these two mutations are yet to be identied.
Incontrasttoafairlyhighnumberofknownmutationsproducingareduction
in growth, mouse models of enhanced growth are rare, with the exception of
those producing obesity (reviewed by Pomp [100]). The high growth (hg)108 P.M. Corva, J.F. Medrano
locus, however, is a unique spontaneous, autosomal mutation that enhances
weight gain and body size by 3050% in the mouse [6,85]. Despite the drastic
change in growth rate, hg/hg mice are proportionate in the size of tissues and
organs [42,111] and are not obese [25]. Genetic and physical mapping have
determined that a deletion in chromosome 10 is responsible for this particular
phenotype [55]. Recently, the high growth phenotype has been identied as
resulting from a lack of expression of the suppressor of cytokine signaling 2
(Socs2 or Cish2) which is partially deleted [56].
1.3. Transgenics and knockouts
Targeted gene deletions (gene knockouts) and transgenics are two methods
of characterizing the function of a gene which follow opposite strategies. In
the case of transgenic mice, extra copies of a gene are integrated at random
in the genome of a recipient animal. A dramatic example of the application
of this technology to the study of growth genes was presented in the series of
experiments involving transgenic mice for the Growth Hormone (GH) gene,
described by Palmiter et al. [97,98], and several other groups [19,62,125].
The gene-knockout methodology involves the manipulation of the genome
to create loss-of-function phenotypes. In this method, functional alleles are
replaced by null alleles in Embryonic Stem (ES) cells that are later integrated
into mouse blastocysts [96]. Targeted deletion of two cyclin-dependent kinase
(CDK) inhibitors leads to increased body size and organomegalia. Mice
homozygous for a deletionon the p18INK4c gene were 30% heavier than control
mice at 3 months of age [48]. The heart, kidney and liver of those mice
were proportionate, whereas the spleen and thymus were disproportionately
enlarged. Furthermore, mice lacking p18 developed pituitary adenomas. A
very similar phenotype is characteristic of mice lacking the p27Kip1 gene [43,
69,93]. Adultmicewithtwocopiesofthedisruptedgenewere30% largerthan
control mice. In addition to their more rapid growth, females had impaired
maturation of ovarian follicles.
Targeted disruption experiments have revealed a novel category of growth
inhibitors. Cloning of the myostatin gene, a member of the Transforming
Growth Factor superfamily b (TGF-b) proved the existence of tissue-specic
molecules controlling organ size. Mice lacking the myostatin gene have
muscles that are up to three times larger than normal [84]. Interestingly,
spontaneous mutations on the same gene have been detected in the double-
muscled breeds of beef cattle [61,76]. Myostatin is an extracellular factor
expressed almost exclusively in skeletal muscle that affects both cell number
and size [84]. The mechanism for the inhibition of growth by myostatin has
not been established.
Two elegant targeted disruption experiments were conducted to assess the
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growth [108,126]. The Igf-I gene was disrupted in hepatic cells using the
Cre-loxP recombination system. Targeted expression of the Cre recombinase
to the liver was driven by the albumin promoter. The Igf-I gene in non-hepatic
tissues was left intact. Surprisingly, suppression of Igf-I expression in the
liver had no noticeable effects on growth. At 6 weeks of age, there were no
differences in body and femur length, and liver, kidney and heart weights.
Only the spleen was smaller in knockout mice. These results emphasize the
importance of paracrine and autocrine IGF-I on growth promotion.
Acomprehensivelistofgeneknockoutsandtransgenicsthatincludesmodels
forthestudyofgrowthregulationhasbeencompiledbyTheJacksonLaboratory
in the Transgenic/Targeted Mutation Database1. However, knowledge about
the phenotype of knockout mice is not enough to categorize a gene as a growth
regulator, because impaired growth could be produced as a side effect of a
gene that does not normally control growth. Efstratiadis [36] proposed some
conditions to be met by a gene in order to consider it involved in growth con-
trol: overexpression of a growth-promoting gene should result in overgrowth,
whereas gene suppression should produce growth retardation. Opposite res-
ults should be obtained with growth-inhibiting genes; however, in this case
overgrowth produced by loss of function would constitute sufcient evidence.
2. GENOME-WIDE SCANS TO IDENTIFY QUANTITATIVE
TRAIT LOCI (QTLs)
The methodologies involving transgenics and targeted gene disruptions
require previous knowledge about a gene associated with the phenotype under
study. On the contrary, the experimental approach known as positionalcloning
wasdevelopedinordertoidentifyanonymousgenesunderlyingcomplextraits,
without previous knowledge about their functions and based solely on their
position in the genome [21,114]. Although the association between markers
and quantitative traits has been known for a long time [107], it was the devel-
opment of molecular techniques that allowed the large scale characterization
of polymorphic loci at the DNA level which has permitted the search for loci
underlying quantitative variation over the last decade. Initially, Restriction
Fragment Length Polymorphisms (RFLP) analyzedby Southern Hybridization
were used [5], which in time were replaced by less expensive, PCR based
markerssuchas Simple-SequenceLengthPolymorphisms(SSLP)[32]. A new
generation of markers, namely the Single Nucleotide Polymorphisms (SNPs),
will probably replace the SSLP for linkage analysis, based on promising fea-
tures such as their abundance in the genome and the possibility of automated
typing [8,9,79].
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The available mouse inbred lines are a valuable resource to create mapping
populations because the identity and phase of the segregating alleles, of which
thereareusuallyonlytwo,areknown[45]. However,themethodologyhasbeen
extended to outbred populations [113] and populations created from selection
experiments [54,64].
2.1. Experimental designs used in QTL mapping
Usually, one of two alternatives is chosen to create a resource population
suitablefor QTL mapping. Two inbredmouse lines, usually contrastingfor the
phenotype of interest, are crossed to produce the F1 generation. F1 mice are
crossed to either one or both of the parental lines to create a backcross, or they
are intercrossed to create an F2 population.
Lander and Botstein [74] discussed some of the aspects related to experi-
mental designs in QTL mapping experiments, and concluded that the power to
detect QTLs depended on the magnitude of the phenotypic difference between
strains, number of segregating QTLs, number of markers and population size.
The larger the difference between strains and the fewer the QTLs, the fewer
animals needed. According to these authors, if other factors are equal, fewer
animals are needed from an F2 cross compared to a backcross, because the F2
cross provides twice as much meiosis. Another advantage of the F2 over the
backcross is that in F2 crosses all the segregating alleles can be found in all
possible phases among the offspring.
Darvasi[28]derivedexpressionstocalculatethedetectionpowerofthemost
common experimental designs. According to this author, the F2 cross would
only reduce the number of animals needed to estimate additive effects by
30% compared to the backcross, because the backcross design requires lower
signicance thresholds [73,75] and there is also a reduction of the genetic
variance compared to the F2 cross. Backcrosses are more efcient than F2
crosses for the estimation of dominance effects; in equal conditions the same
power could be achieved with up to 50% reduction in population size. Dupuis
and Siegmund [35] conducted simulation studies in order to compare different
experimentaldesigns. Accordingtotheirresults, anF2 crossisespeciallymore
efcientthanabackcrosswhentheQTLshaveasmalladditiveeffect,andwhen
there is dominance with effects of opposite sign to the additive effects. They
also concludedthat for eitherdesign, there was littlegain in power when mark-
erswerespacedlessthan10cMapart. Apartfromallthesetheoreticalconsider-
ations,therearealsopracticalissuesthatinuencethechoiceofascheme,such
as the availability of mice for reproduction and the fertility of F1 individuals.
A different approach used to establishlinkage to a QTL is to follow changes
in allele frequencies between lines produced by long-term divergent selec-
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to mapping in an F2 cross. For example, a QTL with a given effect that would
require an F2 cross of 1050 mice for detection could also be identied after
selecting for 14 generations among a population of 90 individuals. However,
the power of the method is very sensitive to changes in the number of markers,
effective population size and recombination rate between a QTL and a marker.
Keightley et al. [64] have successfully applied this method to map QTLs
affecting 6-wk body weight.
The strategy known as selective genotyping has been proposed to save time
andresourcesingenomescans. Inthismethodonlyafractionofthepopulation
corresponding to the animals with extreme phenotypes is genotyped [26,29].
Animals from the extremes of the distribution of phenotypes provide more
linkage information [74]. Therefore, up to 80% of the maximum statistical
power can be maintained even if only 50% of the population from the extremes
ofthedistributionistyped[29]. Althoughselectivegenotypingallowstodetect
linkagedisequilibriumbetweenamarkerandaQTL, estimationofgeneeffects
is not possible because they would be severely overestimated [29]. Therefore,
selective genotyping is usually applied in a two-stage procedure. In the rst
stage, only extreme animals are typed to nd evidence of linkage to QTLs in
specic chromosomal regions, and in the second stage the entire population is
typed for markers only on the most promising chromosomal regions [90,124].
A variant of the selective genotyping strategy involves the pooling of DNA
samples in order to drastically reduce the genotyping work. The existence of
linkage between a QTL and a marker is established by assessing if differential
allelic representation exists in the pooled DNA samples from extreme indi-
viduals, which can be estimated by quantication of the corresponding PCR
product. DarvasiandSoller[30]discussedtheoreticalaspectsofselectiveDNA
pooling and derived expressions to calculate the proportion of the population
to be genotyped in order to maximize the power of the test. The minimization
of technical errors in allele quantication is of particular importance to keep
the power of selective genotyping at its maximum. Wang and Paterson [121]
discussed other factors affecting the efciency of the method, such as type
of gene action, population type and the existence of segregation distortion.
SelectiveDNA poolinghasbeensuccessfullyusedbyTaylorandPhillips[116]
to map obesity QTLs in the mouse. In this experiment, the contribution from
individualanimalstotheDNApoolswasproportionaltothedifferencebetween
their phenotypic value and the population mean, in order to maximize the
difference in allelic representation.
2.2. Statistical analysis
Manly and Olson [82] have recently reviewed the methods and current
software available for QTL mapping. The principlesunderlyingQTL mapping
are straightforward. In the simplest case, classi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population based on their genotype for a given marker makes it possible to
compare the phenotypic means of the different genotypic classes [114]. If
after the application of a statistical test a signicant difference is detected
among these classes, it could be deduced that there is a locus affecting the
studied trait linked to the marker. There is a limitation to this approach.
When single markers are used in the analysis, the magnitude of the QTL effect
and its distance to the marker are confounded, e.g. the QTL effects will be
underestimated by a factor equal to .1   2  c/, where c is the recombination
rate between the locus and the marker [41]. To overcome this limitation, new
mapping strategies have been developed. In the methods based on interval
mapping, a pair of markers is analyzed simultaneously and statistical tests
determine the most likely position of a QTL within that interval [114]. To
performintervalmapping,afairlydenselinkagemapisneededinadvance[74].
CurrentmethodstomapQTLsarebasedononeoftwostatisticalprocedures:
maximum likelihood (ML) and regression (least squares) analysis [33]. Least-
square methods have the advantage of being computationally simpler and easy
to implement with any statistical software package [52]; therefore, they have
become very popular. They are also robust enough in case of departures from
the assumptions of normality. Nonparametric tests have been developed that
do not depend on the assumption of normal distribution [72].
Some variants have been introduced into the interval mapping methodology
in order to improve the accuracy of QTL detection. The method called com-
posite interval mapping includes markers outside the interval being analyzed
in the models, to account for background genetic effects [57,127]. There
are programs available that automatically select these cofactors, usually using
regression [82].
A statisticalproblem concerningthe levels of signicancearises in genome-
wide scans for QTLs, because a large number of tests are performed which
are not statistically independent [73]. Therefore, using an unprotected
signicancelevel will lead to the detectionof many falsepositives. Lander and
Kruglyak [73] proposed a series of standard thresholds to be used in complex
trait mapping with the most common experimental designs. Based on genome
size, crossing over rate and pointwise signicance levels, the recommended
thresholds to declare signicant linkage (genome-wide p < 0:05) in mouse
intercrosses were LOD D 4:3 and p D 5:2  10 5. In the case of suggestive
linkage, the respective values were reduced to LOD D 2:8 and p D 1:610 3.
Churchill and Doerge [18] have proposed a method to establish empirical
threshold values in genome-wide scans that has become widely accepted by
researchers in this area. The method is based on the theory of permutations.
Phenotypic values are reassigned at random among individuals while keeping
their genotypic information, and the linkage analysis to detect QTLs is per-
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authors suggested a minimum of 1000 runs), in order to create a distribution of
test statistics in the absence of linked QTLs. The 95th percentile value from
that distribution would correspond to a signicance threshold of p < 0:05.
Results from QTL mapping experiments should be evaluated with caution.
Duetolimitationsoftheexperimentaldesign,thereisastatisticalbiasaffecting
the number and magnitude of effects of reported QTLs [63]. With the current
methods for QTL searching, only QTLs with the strongest effects are detec-
ted[114]. Thisbiasisinverselyrelatedtothestringencyofthesignicancelevel
and it is strongerfordominance effectsthan for additiveeffects[63]. Although
these limitations of the methodology preclude a faithful characterizationof the
genetic architecture of a quantitative trait, they still enable us to utilize the
information on the position of QTLs. As Kearsey and Farquhar [63] stated,
marker-assisted selection and introgression schemes do not require a very
accurateestimationof thelocationofa QTL, andforsuch purposesresearchers
would probably be more interested in those QTLs with the strongest effect on
the phenotype.
More sophisticated statistical methods are being developed to improve the
power of detection in QTL mapping experiments, such as multiple trait ana-
lysis [58,71] and multiple interval mapping [128]. Although these methods
have not been extensively used to date, they seem to be promising alternatives
to the more conventional mapping strategies, and it is likely that they will be
adopted by researchers in the eld.
2.3. Experimental QTL studies in mice
Scientic literature is abundant in results from experiments that have per-
formed genome-wide scans for growth QTLs. These results are summarized
in Table II. Results of obesity studies have been reviewed elsewhere [14,100]
and will not be included here.
The experiment conducted by Cheverud et al. [16] was one of the rst to
presentresultson genome-widescans for QTLs affectinggrowth rateand body
weight in a fairly large population (535 LG/J  SM/J, F2 mice). Thirty-one
signicant loci were identied on 17 chromosomes (QTLs in Tab. II include
thosethatarereportedintheMGD database). A very importantcontributionof
this experimentwas the identicationof independentloci controllinggrowth at
different ages. The experiment was later repeated with 510 F2 mice [120]
in order to conrm the results. The second analysis detected QTLs on
15 chromosomes. Not all the QTLs identied in the rst experiment were
replicated in the second experiment. Replication was low for QTLs with
marginal LOD scores and/or on chromosomes with poor marker coverage.
Data from both populations were integrated and the analysis was repeated to
conrm the existence of QTLs, making this experiment one of the largest that114 P.M. Corva, J.F. Medrano
has been reported in the literature in terms of population size and number
of growth QTLs detected. In the integrated analysis 20 QTLs were found
on 17 chromosomes (data shown in Tab. II). Twelve QTLs affected early
growth (13 wk) whereas 11 QTLs affected late growth (610 wk), with 8
common QTLs between both groups. Moreover, four QTLs had sex-specic
effects.
Analternativemethodtothemorecommonmappingapproachtosegregating
crosses was used by Keightley et al. [64] to identify growth QTLs. Two
divergent lines were created by recurrent selection for 6-wk body weight
starting from a C57BL/6J (C57)  DBA/2J F2 cross. A total of 93 mice
from the low line and 34 mice from the high line were genotyped. Signicant
differencesinallelefrequencyoftypedmarkersbetweenthelow andhighlines
were consideredindicativeoflinkageto growth QTLs. Following thisstrategy,
11 signicant markers were detected on 10 chromosomes.
Morris et al. [91] conducted a QTL scan on a C57  DBA/2J F2 cross
with 927 mice, in an attempt to replicate the results obtained by Keightley et
al. [64]. The studied traits were live weight at 3 and 6 weeks of age, and tail
length and body weight at 10 weeks of age. Mice were initially genotyped
for the same markers that were signicant in the previous experiment [64],
and QTLs for 6-wk and 10-wk weight were conrmed on chromosomes 1,
4, 6, 9 and 11. These QTLs accounted for a small proportion of the genetic
variance in the population; therefore, more markers were typed in the F2 cross.
Selective genotyping was performed on 173 mice (19% of the population)
selected for 10-wk body weight and carcass fat percentage. The entire F2 cross
was genotyped for the most signicant markers. QTLs regulating the three
measuredbodyweightswereidentiedonchromosome1. Lociassociatedwith
3-wk weight were identied on chromosomes 4, 9 and 11, respectively. Loci
associated with 6-wk weight were mapped to chromosomes 6 and 9, respect-
ively. Signicant loci for 10-wk weight were identied on chromosomes 6
and15. Thisexperimentwasinagreementwithpreviousexperiments[16,120]
on the existence of specic QTLs regulating growth at different ages. Also, a
QTL with very signicant effects on tail length was mapped to chromosome 1.
Brockmann et al. [7] mapped growth QTLs in an F2 cross between a line
selected for high 6-wk weight (DU6) and a control line (DUK). A total of
715 mice from 4 families were genotyped. Recorded traits were 6-wk weight
and liver, spleen and kidney weights. Nine signicant QTLs affecting one or
more traits were reported.
Two experiments focused on the search for growth QTLs on the X chromo-
some. Dragani et al. [34] screened two different populations, (C3H/He  Mus
spretus)  C57 (HSB) and (A/J  Mus spretus)  C57 (ASB). Two QTLs
affecting 40-wk weight were detected in both populations, and a third QTL
was detected only in the ASB cross.Mapping of growth QTLs in the mouse 115
The differential response in growth rate between males and females from
reciprocal crosses between two selected lines, led Rance et al. [103] to hypo-
thesize that an X-linked QTL was involved. The selected lines (P lines) had
genetic material from inbred lines JU and CBA and outbred line CFLP. To map
the putative QTL an F2 cross between the high and low lines with 340 mice
was used. Evidence was produced of a single QTL affecting body weight at 3,
6 and 10 weeks of age. This QTL and the QTL Bw1 of Dragani et al. [34] map
to the same region of chromosome X.
Two papers reported results obtained with crosses between C57 and
Quackenbush-Swiss (QS) lines. A C57  C57-QS backcross of 311 mice was
typed for markers around the Gh and Igf-I genes [20]. Signicant association
was found between body weight and markers on chromosome 10, but not
chromosome 11.
Kirkpatrick et al. [68] evaluated a C57  IQ5 (QS derived) cross. A total
of 200 F2 and 297 C57  (C57  IQ5) mice were used. Initial analysis of the
F2 cross and further analysis of the backcross revealed signicant linkage to
QTLs regulating6-wk body weight, 10-wk body weight and adult body weight
on chromosomes 4 and 11.
Other experiments have focused on the search for QTLs related to obesity
traits,inwhichbodyweightwasrecorded. Aproblemariseswhenbodyweight
is measured close to maturity, because body weight and body fat percentage
are correlated. Therefore, the effect of genes inuencing linear growth and
obesity are confounded. Warden et al. [123] reported a QTL for adult body
weight on chromosome 7 in a Spretus  C57 backcross (designated BSB) of
412mice. Using252micefromthesamecross, Lembertasetal.[77]identied
a QTL for body lengthon chromosomeX thathad no signicanteffecton body
composition. This QTL probably maps to a similar location to the QTL found
by Rance et al. [103].
Pomp et al. [101] mapped QTL for growth and body composition in a
M16i  (M16i  CAST/Ei) backcross. M16i is an inbred line derived from
a line selected for high 36-wk gain. Twenty mice (5%) from each extreme
of the distribution of 12-wk body weights were genotyped, and markers show-
ing signicant departures from expected allele frequencies were typed in the
entire population (402 mice). Five signicant QTLs were identied on ve
chromosomes.
Mehrabian et al. [86] conducted a genome-wide scan for obesity QTLs in a
CAST/Ei  C57 F2 cross of 200 mice. QTLs for adult (6 mo.) body weight
were identied on chromosomes 2 and 15. The QTL on chromosome 15 also
affectedbodylengthandwasunrelatedtoobesitytraits. ThepresenceofaQTL
for adult body weight mapping to the same region of chromosome 2 identied
by Mehrabian et al. [86] was detected by Lembertas et al. [78] in 84 mice of a
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Suto et al. [112] looked for modiers of the effects of the agouti yellow (Ay)
allele on adult body weight, in 93 a/a and 99 Ay/a mice from a C57  KK-Ay
F2 cross. KK-Ay is an inbredline that develops non-insulin-dependentdiabetes
and severe obesity. A signicant locus for 6 mo. body weight was identied
on chromosome 4, in both genotypic classes. Another locus on chromosome 6
was detected as signicant in the Ay/a group only, which suggests that there
was an interaction with the Ay allele probably affecting body weight through
the degree of fatness.
Moodyetal.[90]screenedanF2 crossbetweenC57andaline(MH)selected
for high energy expenditure [94], in order to identify loci associated with the
regulation of energy balance and related traits. The C57 line was chosen
because it was the line showing the largest differences in energy expenditure
when compared to the selected line in a previous experiment [89]. Loci
associated with body weight at 3, 6 and 10 wks of age were identied on
chromosomes 1 and 17, 1 and 11 and 1, 3 and 11, respectively.
Considering that there are many QTLs involved, directly or indirectly, in
determining body size, it is not unexpected to nd an overlap in the location
of many growth QTLs when different mapping experiments are compared.
Therefore, it is valid to speculate about the identity of these QTLs, and pose
the question as to whether they correspond to the same genes. Identied QTLs
are usually designated by a provisional name that refers to the cross, the trait,
and/or the chromosomal location. However, no formal nomenclature rules
have yet been proposed for QTLs. Therefore, it is difcult to establish the
correspondence between QTLs from different experiments without a detailed
analysis of mapping information.
Recently, Keightley and Knott [66] developed a permutation test to evaluate
the correspondence among growth QTLs mapped in three different experi-
ments[7,16,91]. Surprisingly,noevidenceofcorrespondencebetweenanypair
of experiments was found. The authors concluded that a signicant correlation
between different experiments is unlikely unless there are few QTLs affecting
a trait and the populations are related.
The lack of QTL concordance among crosses may also be due to the den-
ition of the phenotypes that have been measured. Growth has been examined
as weight at a given age or weight gain in xed age increments, when perhaps
it would be more appropriate to standardize the data, taking into account
differences in mature body size. Measurements at the same age are not strictly
comparablebetweenlinesthatdifferinmaturebodysizeandcanbeconsidered
as different phenotypes.
2.4. Epistasis in QTL experiments
Genes are part of complex networks that regulate all the physiological pro-
cesses that take place in living organisms [80]. Because genes are integratedMapping of growth QTLs in the mouse 117
Table II. Summary of reported QTLs associated with weight gain and body size
traits in the mouse. Sources: individual publications, the Human Obesity Gene Map
(http://www.obesity.chair.ulaval.ca/Genes.html) and the Mouse Genome Database
(http://www.informatics.jax.org/searches/marker_form.shtml).
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Table II. Continued.
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into regulatory networks, it is sometimes difcult to assign a function to a
gene. The apparent lack of a phenotype, already mentioned as a limitation of
some gene knockout models, is another example of the complexity of these
networks. In a genome-wide scan for QTLs, only those loci that have a
signicant effect independently of the genetic background will be detected.
However, other loci have signicant effects on the phenotype only in very
specic allelic combinations with other genes. For example, the BSB cross
(C57BL/6J  Mus spretus F1 C57BL/6J) has a wide range of body fat
contents, from extreme leanness to massive obesity, that is not seen either in
the parental lines or the F1 [122]. There are also examples of QTLs that are
detected as signicant when pairs of loci are mapped simultaneously, but not
when a single-QTL scan is conducted, as has been demonstrated in cases of
susceptibility to lung cancer [44] and colon cancer [119] in mice. In the latter
experiment, the inuence of interactions among loci on cancer susceptibility
was inferred because a couple of Recombinant Congenic Strains (RCS) were
susceptible, while the parental inbred lines, the F1 and most of the other RCS
were resistant. Another possible interaction between QTLs is a drastic change
in the magnitude and type of genetic effects of one QTL, depending on the
genotype of a second QTL, as demonstrated by Frankel et al. [47] for the
frequency of epileptic seizures in mice.
To take into account this level of complexity, epistasis has been included
in theoretical models of the genetic regulation of quantitative traits. Epistasis
was originally dened as the inuence of a gene on the phenotypic expression
of a different non-allelic gene; this denition was later extended to any kind
of gene interaction [46]. Cheverud and Routman [15] made the distinction
between a physiological and a statistical denition of epistasis, that basically
correspondtothe aforementioneddenitionsof epistasisina narrow and broad
sense, respectively. The terms interaction deviation and synergism [46]
have also been applied to dene non-additive associations among loci.
Although this is currently a very active eld of investigation, statistical
methods to map QTLs which include the effects of epistasis are still lim-
ited. Genetic regulatory networks can include hundreds or even thousands of
genes [80]. However, most experiments have only analyzed two-loci interac-
tionsbetweenmarkers[106]. Inothercases,interactingQTLsaresearchedafter
one signicant locus has already been detected [82]. Although not completely
satisfactory, these approaches still provide a more comprehensive view of the
inter-relationships among loci. One strong limitation of the study of multi-
locus interactions is population size, because a reduced sample size for each
genotypic class prevents a fair estimation of epistatic effects [114]. It is also
worth noting that in certain experiments where the existence of epistasis has
been addressed, the genetic heterogeneity of the mapping cross has previously
been reduced to increase the power of detection. In the case of the above-Mapping of growth QTLs in the mouse 121
mentioned experiments seeking cancer susceptibility genes [44,119], genetic
heterogeneity was reduced by creating RCS, in each of which just a fraction of
the genome showed allele segregation [31].
Routman and Cheverud [15] developed a model for the study of two-locus
interactions using information from molecular markers. This model was util-
ized to identify interactions among previously mapped growth QTLs [106].
Forty-threeout of 171 pairs of loci showed signicantepistaticeffects, demon-
strating that interactions among loci are a widespread phenomenon in the
genetic regulation of growth. Interestingly, the authors suggested that loci
exhibiting a larger number of signicant interactions could be associated with
candidate genes connected to key metabolic pathways regulating growth.
Validation of interactions among loci is a problematic issue in the study of
epistasis. Onewaytoachievethiswouldbebyreplicatingtheexperiments[73].
Another alternative was used by Rapp et al. [104] who conrmed a two-locus
interaction affecting blood pressure in rats by developing single and double
congenic strains.
A different approach to exploring the existence of interactionsamong loci is
the search for modier loci that modulate the phenotypic expression of major
single-gene mutations. The existence of such modiers is usually revealed
by the inuence that the genetic background exerts on the expression of a
mutant phenotype; one example is the degree of severity of a disease of genetic
origin [118].
The early experiments of Castle, described by Falconer [40], demonstrated
for the rst time the inuence of genetic modiers on the phenotype, attributed
to a major gene. In 1907, Castle started a divergent selection experiment on
Piebald rats to modify the degree of pigmentation. Selection was successful,
and backcrosses of the selected lines to unselected stocks proved that changes
in the frequency of other genes, as opposed to mutations in the Piebald gene,
were responsible for the change in the degree of pigmentation. The existence
of genetic modiers of major mutations was also demonstrated in selection
experiments with Drosophila melanogaster. Sturtevant successfully modied
the number of bristles in lines carrying the Dichate mutation that normally has
aneffectofreducingbristlenumber[40]. Modierlocihavebeenidentiedfor
the most diverse traits in humans [99], animals [4,17] and plants [10], proving
thattheexistenceofinteractionsamonglociisawidespreadphenomenon, even
in the case of major loci.
The experiment reported by Ewart-Toland et al. [39] provides a good
example of the utility of the modier locus approach for the genetic dissection
of a complex trait. C57BL/6J-ob/ob mice are obese and have high glucose
levels. Both sexes are sterile, and fertility is restored only by leptin treatment.
However, 42% of male mice from a C57BL/6J-ob/ob  BALB/cJ F2 cross
were fertile, even without leptin treatment. Four loci capable of restoring the122 P.M. Corva, J.F. Medrano
fertility of ob/ob males were identied in that cross. Moreover, the actions
of these loci did not modify the obesity and diabetic condition of ob/ob mice,
proving that these two factors were not responsible for their infertility.
Recently, Corva et al. [24] screened 260 hg/hg mice from a C57BL/6J-
hg/hg  CAST/EiJ F2 cross, in order to identify genetic modiers of hg.
Nine signicant loci associated with different traits were identied. Loci
on chromosomes 1, 2 and 8 affected the weight gain of F2 mice. Loci on
chromosomes2 and 11affectedweightgainand carcassleanmass(proteinand
ash). A locus on chromosome 9 modied femur length and another locus on
chromosome 17 affected both carcass lean mass and femur length, but neither
had signicant effects on weight gain. Loci on chromosomes 5 and 9 modied
carcassfatcontent. ThetypingofselectedmarkersinC=Cmicefromthesame
F2 cross revealed signicant interactions between hg and four growth QTLs
associated with weight gain and body composition on chromosomes 2, 9, 11
and 17. These interactions were detected as changes in gene action (additive
or dominant) and in allele substitution effects.
2.5. Identication of gene/s underlying a QTL
The ultimate goal of a QTL mapping project is the cloning of the genes
responsiblefor a complex phenotype. In order to achieve thatgoal, it is usually
necessarytocompletethreeconsecutivestages: detectionofQTLsinagenome
scan, estimationof QTL location, and nemapping [28]. Ithasbeensuggested
that a degree of resolution of at least 1-cM should be achieved in ne mapping
beforeproceedingtothestageofphysicalmappingandgeneidentication[28].
One way to rene the position of a QTL is to do a genetic chromosome
dissection(GCD) of an interval of interest [27]. The GCD can be performed
in mouse crosses using interval-specic congenic strains (ISCS) [27]. This
strategy is based on the creation of a series of congenic strains spanning the
interval to which a QTL has been mapped. The congenics have a uniform
genetic background, and each one carries a different 1-cM segment from a
donor line. Phenotypic analysis of the congenics would establish which strains
carry the gene to be cloned. The creation of the congenics can be optimized in
order to minimize the number of mice needed, as well as the work entailed by
phenotyping and genotyping.
The increasing availability of transcript maps for humans and mice have
made it possible to develop a variant of the positional cloning method, known
as cloning by a positional candidate approach [21]. This method implies
searching for genes that could be assigned to a previously mapped QTL due
to their location and function. Knowledge about genes in a region of interest
simplies the work of gene identicationby chromosome walking, sequencing
and contig assembly. The recently redened objectives of the Human GenomeMapping of growth QTLs in the mouse 123
Project Consortium contemplate sequencing the entire mouse genome [22]. In
fact,thesequencingofBACsharboringlociofspecialbiomedicalimportanceis
in progress [95]. This project will soon make the sequences of all mouse genes
in public databases available, together with positional information. Therefore,
gene identication in the near future will take advantage of comparative gen-
ome mapping in the so-called sequence-based era [117]. One example of a
strategy that would benet from this new knowledge to conrm the identity of
a QTL would be the creation of transgenic mice through whole BAC or BAC
modications for complementation and rescue of a given phenotype [1,102].
3. CONCLUDING REMARKS
The results pertaining to QTL mapping experiments for growth suggest that
genetic factors regulating growth can be individualized. Growth QTLs have
been mapped to all the mouse chromosomes. Some chromosomes, such as 1,
4, 6 and 11 seem to be consistently reported as harboring growth QTLs, while
others (chromosomes 3, 10, 16, 19) are seldom mentioned. However, this does
not take into account differences in chromosome length and choice of lines
used in the mapping crosses. There does not seem to be a specic pattern
of QTL distribution, and in most cases the map position does not coincide
with the location of genes known to affect growth, such as genes controlling
hormones and growth factors. The number of QTLs reported in genome-wide
scans is extremelyvariable; thereforeit is difcultwith the presentinformation
to dene the number of loci affecting growth. Moreover, there are striking
differences in the magnitude of the effects of individual QTLs. Population
size seems to be a very important factor limiting the detection power of the
different experiments. There are also differences among laboratories in the
criteria dening signicance thresholds, which contributes to the discrepancy
in the number of QTLs affecting a given trait.
With regard to the type of gene action of growth QTLs, no generalizations
can be made. There is evidence of additive effects as well as dominance and
even overdominance [120] effects on the genetic control of growth traits. For
instance, Cheverud et al. [16] reported the existence of underdominance in his
experiment.
Even for those experiments in which the highest number of growth QTLs
havebeendetected,onlyafractionofthegeneticvariabilityhasbeenexplained,
implyingthatnotallof thegeneticfactorsunderlyingthetraithave beenidenti-
ed. QTLeffectsareusuallyexpressedasafractionofthephenotypicvariance,
making it difcult to estimate the contribution of a QTL to the heritability of a
trait. For example, in the experiment of Cheverud et al. [16] mapped QTLs for
10-wk weight explained 76.1% of the phenotypic variance, with contributions
ofsingleQTLbetween1.8%and15.2%,whereasBrockmannetal.[7]reported124 P.M. Corva, J.F. Medrano
a single QTL on chromosome 11 accounting for up to 35% of the phenotypic
variance of 6-wk body weight. When estimates of the contribution of QTLs
to the heritability of a trait have been made, much lower values are obtained.
The QTLs identied by Morris et al. [91] accounted for heritabilities of 14%,
5% and 12% for 3, 6 and 10-wk weight, respectively; in the experiment of
Keightley et al. [64] the heritability associated with individual markers had
values between 0.3% and 0.7%.
Inmostcases, theallelesthatincreasethevalueofatraitataparticularlocus
in the mapping cross come from the parental line with a higher phenotypic
mean; however, there are exceptions to this rule [16]. In fact, it has been
possible to identify growth QTLs in crosses from lines that did not show
substantial differences in size [91]. These results emphasize the importance of
the genetic background on the effects of a particular QTL.
IndependentlyofthemethodofchoicetosearchforaQTL,themostchallen-
ging task will be the conrmation that a given gene is in reality responsible for
the QTL effect. Innovative genetic tools for testing candidate genes are being
developed, and they combine the use of transgenics and gene knockouts, the
creation of congenic lines [105] and the use of large mutant mouse resources
produced by N-ethyl-N0-nitrosourea (ENU) treatment [59,60].
QTL mapping for growth has been a prolic eld over the last years. How-
ever, a few alternatives can be suggested to accelerate the pace of the process
towards the identication of the genes underlying growth QTLs. For example,
one of the factorscontributingto the lack of correspondenceamong QTLs, that
preventstheconrmationofQTLlocations,isthecomplexityofthephenotypes
that aremeasuredwhen studyingthegeneticsof growth. In fact, complex traits
such as growth rate can be considered life history traits[66]. The analysis of
intermediate phenotypes connected with growth, such as muscle and skeleton
size, or even cellnumber and size in selectedtissues, would probablyeliminate
the so-called phenotype gap that exists in the genetic analysis of complex
traits [51]. Measurement of specic intermediate phenotypes would also avoid
the confounding effects of body composition when studying the genetics of
linear growth.
There is also a paucity of experiments investigating interactions among
loci (epistasis) in growth regulation. Results reported by Routman and
Cheverud [106] on the existence of numerous two-loci interactions affecting
body size in the same mapping population used by Cheverud et al. [16],
demonstrated that epistasis makes an important contribution to the variability
of growth traits in a population.
With regard to the mapping populations used in most experiments, the
convenience of using crosses among common inbred lines has undermined
the value of wild-derived mouse strains as a source of genetic variability.
Therefore, the analysis of some aspects of the genetic architecture of growthMapping of growth QTLs in the mouse 125
such as the study of epistasis mentioned above, would require specialized
populations, such as Recombinant Congenic or Recombinant Inbred strains, in
which as many as possible the common lines are represented.
Presently there is no uniform nomenclature in the literature to refer to
QTLs, possibly because QTLs are considered to have transitory chromosomal
positions until the corresponding gene is identied. However, this lack of
nomenclature makes it very difcult to search the literature, to identify QTL
location and understand the information underlying the names that they have
been given. In order to bring some uniformity to these data and to include
searchable information on the QTL names, a consensus nomenclature system
needs to be developed by the mouse QTL mapping community.
REFERENCES
[1] AntochM.P.,SongE.J.,ChangA.M.,VitaternaM.H.,ZhaoY.,WilsbacherL.D.,
SangoramA.M.,KingD.P.,PintoL.H.,TakahashiJ.S.,Functionalidentication
of the mouse circadian Clock gene by transgenic BAC rescue, Cell 89 (1997)
655667.
[2] Baserga R., The biology of cell reproduction, Harvard University Press, Cam-
bridge, 1985.
[3] Bennet D., Miniature, a new gene for small size in the mouse, J. Hered. 52
(1961) 9598.
[4] Bone-Larson C., Basu S., Radel J.D., Liang M., Perozek T., Kapousta-
Bruneau N., Green D.G., Burmeister M., Hankin M.H., Partial rescue of the
ocular retardation phenotype by genetic modiers, J. Neurobiol. 42 (2000)
232247.
[5] Botstein D., White R.L., Skolnick M., Davis R.W., Construction of a genetic
linkage map in man using restriction fragment length polymorphisms, Am. J.
Hum. Genet. 32 (1980) 314331.
[6] Bradford G.E., Famula T.R., Evidence for a major gene for rapid postweaning
growth in mice, Genet. Res. 44 (1984) 293308.
[7] Brockmann G.A.,HaleyC.S., RenneU., Knott S.A., SchwerinM., Quantitative
trait loci affecting body weight and fatness from a mouse line selected for
extreme high growth, Genetics 150 (1998) 369381.
[8] Brookes A.J., The essence of SNPs, Gene 234 (1999) 177186.
[9] Brookes A.J., Lehväslaiho H., Siegfried M., Boehm J.G., Yuan Y.P., Sarkar
C.M., Bork P., Ortigao F., HGBASE: a database of SNPs and other variations
in and around human genes, Nucleic Acids Res. 28 (2000) 356360.
[10] Burnett R.J., Larkins B.A., Opaque2 modiers alter transcription of the 27-kDa
gamma-zein genes in maize, Mol. Gen. Genet. 261 (1999) 908916.
[11] Bustin M., Lehn D.A., Landsman D., Structural features of the HMG chromo-
somal proteins and their genes, Biochim. Biophys. Acta 1049 (1990) 231243.
[12] ByrneP.F.,McMullenM.D.,Deninggenesforagriculturaltraits: QTLanalysis
and the Candidate Gene approach, Probe 7 (1996) 2427.126 P.M. Corva, J.F. Medrano
[13] Camper S.A., Saunders T.L., Katz R.W., Reeves R.H., The Pit-1 transcription
factor gene is a candidate for the murine Snell dwarf mutation, Genomics 8
(1990) 586590.
[14] Chagnon Y.C., Pérusse L., Weisnagel S.J., Rankinen T., Bouchard C., The
human obesity gene map: the 1999 update, Obes. Res. 8 (2000) 89117.
[15] Cheverud J.M., Routman E.J., Epistasis and its contribution to genetic variance
components, Genetics 139 (1995) 14551461.
[16] Cheverud J.M., Routman E.J., Duarte F.A.M., van Swinderen B., Cothran K.,
Perel C., Quantitative Trait Loci for murine growth, Genetics 142 (1996) 1305
1319.
[17] Chung W.K., Zheng M., Chua M., Kershaw E., Power-Kehoe L., Tsuji M., Wu-
Peng X.S., Williams J., Chua S.C. Jr., Leibel R.L., Genetic modiers of Leprfa
associated with variability in insulin production and susceptibility to NIDDM,
Genomics 41 (1997) 332344.
[18] Churchill G.A., Doerge R.W., Empirical threshold value for quantitative trait
mapping, Genetics 138 (1994) 963971.
[19] Clutter A.C., Pomp D., Murray J.D., Quantitative genetics of transgenic mice:
componentsofphenotypicvariationinbodyweightsandweightgains,Genetics
143 (1996) 17531760.
[20] Collins A.C., Martin I.C.A., Kirkpatrick B.W., Growth quantitative trait loci
(QTL) on mouse Chromosome 10 in a Quackenbush-Swiss  C57BL/6J back-
cross, Mamm. Genome 4 (1993) 454458.
[21] Collins F.S., Positional cloning moves from perditional to traditional, Nat.
Genet. 9 (1995) 347350.
[22] Collins F.S., Patrinos A., Jordan E., Chakravarti A., Gesteland R., Walters L.,
New goals for the U.S. Human Genome Project: 19982003, Science 282
(1998) 682689.
[23] ConlonI.,RaffM.,Sizecontrolinanimaldevelopment,Cell96(1999)235244.
[24] Corva P.M., Horvat S., Medrano J.F., Genetic modiers of high growth (hg),
a mutation that increases body size in the mouse, Mamm. Genome 12 (2001)
284290.
[25] Corva P.M., Medrano J.F., Diet effects on growth and body composition in high
growth (hg/hg) mice, Physiol. Genomics 3 (2000) 1723.
[26] Darvasi A., The effect of selective genotyping on QTL mapping accuracy,
Mamm. Genome 8 (1997) 6768.
[27] Darvasi A., Interval-specic congenic strains (ISCS): an experimental design
for mapping a QTL into a 1-centimorgan interval, Mamm. Genome 8 (1997)
163167.
[28] Darvasi A., Experimental strategies for the genetic dissection of complex traits
in animal models, Nat. Genet. 18 (1998) 1924.
[29] Darvasi A., Soller M., Selective genotyping for determination of linkage
between a marker locus and a quantitative trait locus, Theor. Appl. Genet.
85 (1992) 353359.
[30] Darvasi A., Soller M., Selective DNA pooling for determination of linkage
between a molecular marker and a quantitative trait locus, Genetics 138 (1994)
13651373.Mapping of growth QTLs in the mouse 127
[31] Démant P., Hart A.A., Recombinant congenic strains: a new tool for analyzing
genetic traits determined by more than one gene, Immunogenetics 24 (1986)
416422.
[32] DietrichW.F.,MillerJ.,SteenR.,MerchantM.A.,Damron-BolesD.,HusainZ.,
Dredge R., Daly M.J., Ingalls K.A., O'Connor T.J., et al., A comprehensive
genetic map of the mouse genome, Nature 380 (1996) 149152.
[33] Doerge R.W., Zeng Z.-B., Weir B.S., Statistical issues in the search for genes
affecting quantitative traits in experimental populations, Stat. Sci. 12 (1997)
195219.
[34] Dragani T.A., Zeng Z.B., Canzian F., Gariboldi M., Ghilarducci M.T., Manenti
G., Pierotti M.A., Mapping of body weight loci on mouse chromosome X,
Mamm. Genome 6 (1995) 778781.
[35] Dupuis J., Siegmund D., Statistical methods for mapping quantitative trait loci
from a dense set of markers, Genetics 151 (1999) 373386.
[36] Efstratiadis A., Geneticsofmousegrowth, Int. J.Dev.Biol.42 (1998) 955976.
[37] Eisen E.J., The laboratory mouse as a mammalian model for the genetics of
growth, in: Proceedings of the 1st World Congress on Genetics Applied to
Livestock Production, Madrid, Vol. 1, Editorial Garsi, Madrid, pp. 467492.
[38] Eisen E.J., Selection experiments for body composition in mice and rats: A
review, Livest. Prod. Sci. 23 (1989) 1732.
[39] Ewart-Toland A., Mounzih K., Qiu J., Chehab F.F., Effect of the genetic back-
ground on the reproduction of leptin-decient obese mice, Endocrinology 140
(1999) 732738.
[40] Falconer D.S., Early selection experiments, Annu. Rev. Genet. 26 (1992) 114.
[41] Falconer D.S., Mackay T.F.C., Introduction to Quantitative Genetics, 4th edn.,
Longman, Essex, 1996.
[42] Famula T.R., Calvert C.C., Luna E., Bradford G.E., Organ and skeletal growth
in mice with a major gene for rapid postweaning growth, Growth Dev. Aging
52 (1988) 145150.
[43] FeroM.L.,RivkinM.,TaschM.,PorterP.,CarowC.E.,FirpoE.,PolyakK.,Tsai
L.H., Broudy V., Perlmutter R.M., Kaushansky K., Roberts J.M., A syndrome
ofmultiorganhyperplasiawithfeaturesofgigantism,tumorigenesis,andfemale
sterility in p27(Kip1)-decient mice, Cell 85 (1996) 733744.
[44] Fijneman R.J.A., de Vries S.S., Jansen R.C., Demant P., Complex interactions
of new quantitative trait loci, Sluc1, Sluc2, Sluc3 and Sluc4, that inuence the
susceptibility to lung cancer in the mouse, Nat. Genet. 14 (1996) 465467.
[45] Fisler J.S., WardenC.H., Mappingof mouseobesity genes: A generic approach
to a complex trait, J. Nutr. 127 (1997) 1909S-1916S.
[46] Frankel W.N., Schork N.J., Who's afraid of epistasis?, Nat. Genet. 14 (1996)
371373.
[47] Frankel W.N., Valenzuela A., Lutz C.M., Johnson E.W., Dietrich W.F., Cofn
J.M., New seizure frequency QTL and the complex genetics of epilepsy in EL
mice, Mamm. Genome 6 (1995) 830838.
[48] Franklin D.S., Godfrey V.L., Lee H., Kovalev G.I., Schoonhoven R., Chen-
Kiang S., Su L., Xiong Y., CDK inhibitors p18(INK4c) and p27(Kip1) medi-
ate two separate pathways to collaboratively suppress pituitary tumorigenesis,
Genes Dev. 12 (1998) 28992911.128 P.M. Corva, J.F. Medrano
[49] Garnett I., Falconer D.S., Protein variation in strains of mice differing in body
size, Genet. Res. 25 (1975) 4557.
[50] GodfreyP.,RahalJ.O.,BeamerW.G.,CopelandN.G.,JenkinsN.A.,MayoK.E.,
GHRH receptor of little mice contains a missense mutation in the extracellular
domain that disrupts receptor function, Nat. Genet. 4 (1993) 227232.
[51] Graham C.F., Lund G., Zaina S., Growth and the distal tip of mouse chromo-
some 7, Genet. Res. 72 (1998) 247253.
[52] Haley C.S., Knott S.A., A simple regression method for mapping quantitative
trait loci in line crosses using anking markers, Heredity 69 (1992) 315324.
[53] HillW.G.,BishopS.C.,Geneticcontrolofgrowth,carcasscompositionandfood
utilization in laboratory animals, in: Proceedings of the 3rd World Congress on
Genetics applied to Livestock Production, Lincoln, Nebraska USA, 1622 July
1986, Vol. XI, University of Nebraska, Lincoln, pp. 355366.
[54] HorvatS.,BüngerL.,FalconerV.M.,MackayP.,LawA.,BuleldG.,Keightley
P.D., Mapping of obesity QTLs in a cross between mouse lines divergently
selected on fat content, Mamm. Genome 11 (2000) 27.
[55] Horvat S., Medrano J.F., A 500-kb YAC and BAC contig encompassing the
high-growth deletion in mouse chromosome 10 and identication of the murine
Raidd/Cradd gene in the candidate region, Genomics 54 (1998) 159164.
[56] Horvat S., Medrano J.F., Lack of Socs2 expression causes the high growth
phenotype in mice, Genomics 72 (2001) 209212.
[57] Jansen R.C., Stam P., High resolution of quantitative traits into multiple loci via
interval mapping, Genetics 136 (1994) 14471455.
[58] JiangC.,ZengZ.-B.,MultipletraitanalysisofgeneticmappingforQuantitative
Trait Loci, Genetics 140 (1995) 11111127.
[59] Justice M.J., Noveroske J.K., Weber J.S., Zheng B., Bradley A., Mouse ENU
mutagenesis, Hum. Mol. Genet. 8 (1999) 19551963.
[60] JusticeM.J.,ZhengB.,WoychikR.P.,BradleyA.,Usingtargetedlargedeletions
and high-efciency N-ethyl-N-nitrosourea mutagenesis for functional analyses
of the mammalian genome, Methods 13 (1997) 423436.
[61] KambadurR.,SharmaM.,SmithT.P.,BassJ.J.,Mutationsinmyostatin(GDF8)
indouble-muscledBelgianBlueandPiedmontesecattle, GenomeRes.7(1997)
910916.
[62] Kaps M., Moura A.S., Safranski T.J., Lamberson W.R., Components of growth
in mice hemizygous for a MT/bGH transgene, J. Anim. Sci. 77 (1999) 1148
1154.
[63] Kearsey M.J., Farquhar A.G., QTL analysis in plants; where are we now?
Heredity 80 (1998) 137142.
[64] Keightley P.D., Hardge T., May L., Buleld G., A genetic map of quantitative
trait loci for body weight in the mouse, Genetics 142 (1996) 227235.
[65] Keightley P.D., Hill W.G., Quantitative genetic variation in body size of mice
from new mutations, Genetics 131 (1992) 693700.
[66] Keightley P.D., Knott S.A., Testing the correspondence between map positions
of quantitative trait loci, Genet. Res. 74 (1999) 323328.
[67] Kim Y., Stephan W., Allele frequency changes in articial selection experi-
ments: statistical power and precision of QTL mapping, Genet. Res. 73 (1999)
177184.Mapping of growth QTLs in the mouse 129
[68] Kirkpatrick B.W., Mengelt A., Schulman N., Martin I.C., Identication of
quantitative trait loci for prolicacy and growth in mice, Mamm. Genome 9
(1998) 97102.
[69] Kiyokawa H., Kineman R.D., Manova-Todorova K.O., Soares V.C., Hoff-
man E.S., Ono M., Khanam D., Hayday A.C., Frohman L.A., Koff A.,
Enhancedgrowthofmicelackingthecyclin-dependentkinaseinhibitorfunction
of p27(Kip1), Cell 85 (1996) 721732.
[70] Kleyn P.W.,Fan W., KovatsS.G., Lee J.J.,Pulido J.C.,Wu Y., Berkemeier L.R.,
MisumiD.J.,HolmgrenL.,CharlatO.,etal.,Identicationandcharacterization
of the mouse obesity gene tubby: a member of a novel gene family, Cell 85
(1996) 281290.
[71] Korol A.B., Ronin Y.I., Kirzhner V.M., Interval mapping of quantitative trait
loci employing correlated trait complexes, Genetics 140 (1995) 11371147.
[72] Kruglyak L., Lander E.S., A nonparametric approach for mapping quantitative
trait loci, Genetics 139 (1995) 14211428.
[73] Lander E., Kruglyak L., Genetic dissection of complex traits: guidelines for
interpreting and reporting linkage results, Nat. Genet. 11 (1995) 241247.
[74] Lander E.S., Botstein D., Mapping mendelian factors underlying quantitative
traits using RFLP linkage maps, Genetics 121 (1989) 185199.
[75] Lander E.S., Schork N.J., Genetic dissection of complex traits, Science 265
(1994) 20372047.
[76] Lee S.J., McPherron A.C., Myostatin and the control of skeletal muscle mass,
Curr. Opin. Genet. Dev. 9 (1999) 604607.
[77] Lembertas A.V., Fisler J.S., Warden C.H., Wen P.-Z., Xia Y.-R., Lusis A.J., A
locus on the X Chromosome is linked to body length in mice, Mamm. Genome
7 (1996) 171173.
[78] Lembertas A.V., Pérusse L., Chagnon Y.C., Fisler J.S., Warden C.H., Purcell-
Huynh D.A., Dionne F.T., Gagnon J., Nadeau A., Lusis A.J., Bouchard C.,
Identication of an obesity quantitative trait locus on mouse chromosome 2 and
evidence of linkage to body fat and insulin on the human homologous region
20q, J. Clin. Invest. 100 (1997) 12401247.
[79] Lindblad-Toh K., Winchester E., Daly M.J., Wang D.G., Hirschhorn J.N.,
Laviolette J.-P., Ardlie K., Reich D.E., Robinson E., Sklar P., Shah N., Thomas
D., Fan J.B., Gingeras T., Warrington J., Patil N., Hudson T.J., Lander E.S.,
Large-scale discovery and genotyping of single-nucleotide polymorphisms in
the mouse, Nat. Genet. 24 (2000) 381386.
[80] Loomis W.F., Sternberg P.W., Genetic networks, Science 269 (1995) 649.
[81] Lyon M.F., Rastan S., Brown S.D.M., Genetic Variants and Strains of the
Laboratory Mouse, Vol. 1, 3rd edn., Oxford University Press, Oxford, New
York, 1996.
[82] Manly K.F., Olson J.M., Overview of QTL mapping software and introduction
to Map Manager QT, Mamm. Genome 10 (1999) 327334.
[83] McCarthy J.C., The laboratory mouse as a model for animal breeding: a review
of selectionfor increasedbodyweight andlittersize, in: Proceedingsofthe2nd
World Congress on Genetics Applied to Livestock Production, Madrid, Vol. 5,
Editorial Garsi, Madrid, pp. 6683.130 P.M. Corva, J.F. Medrano
[84] McPherron A.C., Lawler A.M., Lee S.J., Regulation of skeletal muscle mass in
mice by a new TGF-beta superfamily member, Nature 387 (1997) 8390.
[85] Medrano J.F., Pomp D., Sharrow L., Bradford G.E., Downs T.R., Frohman
L.A., Growth hormone and insulin-like growth factor-I measurements in high
growth (hg) mice, Genet. Res. 58 (1991) 6774.
[86] Mehrabian M., Wen P.Z., Fisler J., Davis R.C., Lusis A.J., Genetic loci con-
trolling body fat, lipoprotein metabolism, and insulin levels in a multifactorial
mouse model, J. Clin. Invest. 101 (1998) 24852496.
[87] MGD, Mouse Genome Database, Vol. 2000: Mouse Genome Informatics,
The Jackson Laboratory, Bar Harbor, ME, 2000.
[88] MichaudE.J.,BultmanS.J.,StubbsL.J.,WoychikR.P.,Theembryoniclethality
of homozygous lethal yellow mice (Ay/Ay) is associated with the disruption of
a novel RNA-binding protein, Genes Dev. 7 (1993) 12031213.
[89] Moody D.E., Pomp D., Nielsen M.K., Variability in metabolic rate, feed intake
and fatness among selection and inbred lines of mice, Genet. Res. 70 (1997)
225235.
[90] Moody D.E., Pomp D., Nielsen M.K., van Vleck L.D., Identication of quantit-
ativetraitlociinuencingtraitsrelatedtoenergybalanceinselectionandinbred
lines of mice, Genetics 152 (1999) 699711.
[91] Morris K.H., Ishikawa A., Keightley P.D., Quantitative trait loci for growth
traits in C57BL/6J  DBA/2J mice, Mamm. Genome 10 (1999) 225228.
[92] Naggert J.K.,Fricker L.D., VarlamovO., NishinaP.M.,Rouille Y., Steiner D.F.,
Carroll R.J., Paigen B.J., Leiter E.H., Hyperproinsulinaemia in obese fat/fat
mice associated with a carboxypeptidase E mutation which reduces enzyme
activity, Nat. Genet. 10 (1995) 135142.
[93] NakayamaK.,IshidaN.,ShiraneM.,InomataA.,InoueT.,ShishidoN.,HoriiI.,
Loh D.Y., Mice lacking p27(Kip1) display increased body size, multiple organ
hyperplasia, retinal dysplasia, and pituitary tumors, Cell 85 (1996) 707720.
[94] Nielsen M.K., Jones L.D., Freking B.A., DeShazer J.A., Divergent selection
for heat loss in mice: I. Selection applied and direct response through fteen
generations, J. Anim. Sci. 75 (1997) 14611468.
[95] National Institute of Health, USA, Trans-NIH Mouse Initiative.
http://www.nih.gov/science/models/mouse/index.html
[96] Old R.W., Primrose S.B., Principles of gene manipulation: an introduction to
genetic engineering, 5th edn., Blackwell Scientic, Oxford Boston, 1994.
[97] Palmiter R.D., Brinster R.L., Hammer R.E., Trumbauer M.E., Rosenfeld M.G.,
Birnberg N.C., Evans R.M., Dramatic growth of mice that develop from eggs
microinjected with metallothionein-growth hormone fusion genes, Nature 300
(1982) 611615.
[98] Palmiter R.D., Norstedt G., Gelinas R.E., Hammer R.E., Brinster R.L.,
Metallothionein-human GH fusion genes stimulate growth of mice, Science
222 (1983) 809814.
[99] Pedersen O., Genetics of insulin resistance, Exp. Clin. Endocrinol. Diabetes
107 (1999) 113118.
[100] Pomp D., Genetic dissection of obesity in polygenic animal models, Behav.
Genet. 27 (1997) 285306.Mapping of growth QTLs in the mouse 131
[101] Pomp D., Cushman M.A., Foster S.C., Drudik D.K., Fortman M., Eisen E.J.,
Identication of Quantitative Trait Loci for body weight and body fat in mice,
in: Proceedings of the 5th World Congress on Genetics applied to Livestock
Production, Guelph, Ontario Canada, 712 August 1994, Vol. 21, University of
Guelph, Guelph, pp. 209212.
[102] Probst F.J., Fridell R.A., Raphael Y., Saunders T.L., Wang A., Liang Y., Morell
R.J., Touchman J.W., Lyons R.H., Noben-Trauth K., Friedman T.B., Camper
S.A., Correction of deafness in shaker-2 mice by an unconventional myosin in
a BAC transgene, Science 280 (1998) 14441447.
[103] Rance K.A., Hill W.G., Keightley P.D., Mapping quantitative trait loci for body
weight on the X chromosome in mice. I. Analysisof a reciprocal F2 population,
Genet. Res. 70 (1997) 117124.
[104] Rapp J.P., Garrett M.R., Deng A.Y., Construction of a double congenic strain
to prove an epistatic interaction on blood pressure between rat chromosomes 2
and 10, J. Clin. Invest. 101 (1998) 15911595.
[105] Rikke B.A., Johnson T.E., Towards the cloning of genes underlying murine
QTLs, Mamm. Genome 9 (1998) 963968.
[106] Routman E.J., Cheverud J.M., Gene effects on a quantitative trait: Two-locus
epistatic effects measured at microsatellite markers and at estimated QTL,
Evolution 51 (1997) 16541662.
[107] Sax K., The association of size differences with seed-coat pattern and pigment-
ation in Phaseolus vulgaris, Genetics 8 (1923) 522560.
[108] Sjögren K., Liu J.L., Blad K., Skrtic S., Vidal O., Wallenius V., LeRoith D.,
Törnell J., Isaksson O.G., Jansson J.O., Ohlsson C., Liver-derived insulin-like
growth factor I (IGF-I) is the principal source of IGF-I in blood but is not
required for postnatal body growth in mice, Proc. Natl. Acad. Sci. USA 96
(1999) 70887092.
[109] Sornson M.W., Wu W., Dasen J.S., Flynn S.E., Norman D.J., O'Connell S.M.,
Gukovsky I., Carrière C., Ryan A.K., Miller A.P., Zuo L., Gleiberman A.S.,
AndersenB.,BeamerW.G.,RosenfeldM.G.,Pituitarylineagedeterminationby
the Prophet of Pit-1 homeodomain factor defective in Ames dwarsm, Nature
384 (1996) 327333.
[110] Stevens L.C., Mackensen J.A., The inheritance and expression of a mutation
in the mouse affecting blood formation, the axial skeleton, and body size, J.
Hered. 49 (1958) 153160.
[111] Summers P.J., Medrano J.F., Morphometric analysis of skeletal muscle growth
in the high growth mouse, Growth Dev. Aging 58 (1994) 135148.
[112] Suto J., Matsuura S., Imamura K., Yamanaka H., Sekikawa K., Genetics of
obesity in KK mouse and effects of A(y) allele on quantitative regulation,
Mamm. Genome 9 (1998) 506510.
[113] Talbot C.J., Nicod A., Cherny S.S., Fulker D.W., Collins A.C., Flint J., High-
resolution mapping of quantitative trait loci in outbred mice, Nat. Genet. 21
(1999) 305308.
[114] Tanksley S.D., Mapping polygenes, Annu. Rev. Genet. 27 (1993) 205233.
[115] Tartaglia L.A., Dembski M., Weng X., Deng N., Culpepper J., Devos R.,
Richards G.J., Campeld L.A., Clark F.T., Deeds J., et al., Identication and
expression cloning of a leptin receptor, OB-R, Cell 83 (1995) 12631271.132 P.M. Corva, J.F. Medrano
[116] Taylor B.A., Phillips S.J., Detection of obesity QTLs on mouse chromosomes 1
and 7 by selective DNA pooling, Genomics 34 (1996) 389398.
[117] Thomas J.W., Summers T.J., Lee-Lin S.Q., Maduro V., Idol J.R., Mastrian
S.D., Ryan J.F., Jamison D.C., Green E.D., Comparative genome mapping in
the sequence-based era: early experience with human chromosome 7, Genome
Res. 10 (2000) 624633.
[118] UpadhyaP.,ChurchillG.,BirkenmeierE.H.,BarkerJ.E.,FrankelW.N.,Genetic
modiers of polycystic kidney disease in intersubspecic KAT2J mutants,
Genomics 58 (1999) 129137.
[119] van Wezel T., Stassen A.P.M., Moen C.J.A., Hart A.A.M., van der Valk M.A.,
Demant P., Gene interaction and single gene effects in colon tumour susceptib-
ility in mice, Nat. Genet. 14 (1996) 468470.
[120] Vaughn T.T., Pletscher L.S., Peripato A., King-Ellison K., Adams E., Erikson
C., Cheverud J.M., Mapping quantitative trait loci for murine growth: a closer
look at genetic architecture, Genet. Res. 74 (1999) 313322.
[121] WangG.-L.,PatersonA.H.,AssessmentofDNApoolingstrategiesformapping
of QTLs, Theor. Appl. Genet. 88 (1994) 355361.
[122] Warden C.H., Fisler J.S., Pace M.J., Svenson K.L., Lusis A.J., Coincidence of
genetic loci for plasma cholesterol levels and obesity in a multifactorial mouse
model, J. Clin. Invest. 92 (1993) 773779.
[123] Warden C.H., Fisler J.S., Shoemaker S.M., Weng P.-Z., Svenson K.L., Identi-
cation offour chromosomalloci determiningobesityin amultifactorial mouse
model, J. Clin. Invest. 95 (1995) 15451552.
[124] West D.B., Goudey-Lefevre J., York B., Truett G.E., Dietary obesity linked to
genetic loci on Chromosomes 9 and 15 in a polygenic mouse model, J. Clin.
Invest. 94 (1994) 14101416.
[125] Wolf E., WankeR., Hermanns W., Brem G., Pirchner F., von Butler-Wemken I.,
Growth characteristics of metallothionein-human growth hormone transgenic
mice as compared to mice selected for high eight-week body weight and unse-
lectedcontrols.I.Bodyweightgainandexternalbodydimensions,GrowthDev.
Aging 55 (1991) 225235.
[126] Yakar S., Liu J. L., Stannard B., Butler A., Accili D., Sauer B., LeRoith D.,
Normal growth and development in the absence of hepatic insulin-like growth
factor I, Proc. Natl. Acad. Sci. USA 96 (1999) 73247329.
[127] Zeng Z.-B., Precision mapping of quantitative trait loci, Genetics 136 (1994)
14571468.
[128] Zeng Z.-B., Kao C.H., Basten C.J., Estimating the genetic architecture of
quantitative traits, Genet. Res. 74 (1999) 279289.
[129] Zhang Y., Proenca R., Maffei M., Barone M., Leopold L., Friedman J.M.,
Positional cloning of the mouse obese gene and its human homologue, Nature
372 (1994) 425432.
[130] Zhou X., Benson K.F., Ashar H.R., Chada K., Mutation responsible for the
mouse pygmy phenotype in the developmentally regulated factor HMGIC,
Nature 376 (1995) 771774.